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ABSTRACT 

We report the discovery of a wide (135 ± 25 AU), unusually blue L5 compan- 
ion 2MASS J171 14559+4028578 to the nearby M4.5 dwarf G 203-50 as a result of 
a targeted search for common proper motion pairs in the Sloan Digital Sky Sur- 
vey and the Two Micron All Sky Survey. Adaptive Optics imaging with Subaru 
indicates that neither component is a nearly equal mass binary with separation 
> 0.18", and places limits on the existence of additional faint companions. An 
examination of TiO and CaH features in the primary's spectrum is consistent 
with solar metallicity and provides no evidence that G 203-50 is metal poor. We 
estimate an age for the primary of 1-5 Gyr based on activity. Assuming coevality 
of the companion, its age, gravity and metallicity can be constrained from prop- 
erties of the primary, making it a suitable benchmark object for the calibration of 
evolutionary models and for determining the atmospheric properties of peculiar 
blue L dwarfs. The low total mass (M to t = 0.21 ± 0.03 M©), intermediate mass 
ratio (q = 0.45 ± 0.14), and wide separation of this system demonstrate that the 
star formation process is capable of forming wide, weakly bound binary systems 
with low mass and BD components. Based on the sensitivity of our search we 
find that no more than 2.2% of early-to-mid M dwarfs (9.0 < My < 13.0) have 
wide substellar companions with m > 0.06 M . 

Subject headings: binaries: general - - stars: formation - - stars: individual 
(2MASS J17114559+4028578, G 203-50) stars: low-mass, brown dwarfs 
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Introduction 



Although star birth is a complex process, the observation of binary systems-frequencies, 
mass ratios, and separations-can provide insight into the formation process as well as con- 
straints for theoretical models. The formation of brown dwarfs (BDs) is particularly chal- 
lenging since their masses are an order of magnitude smaller than the typical Jeans mass in 
molecular clouds. 

Whether BDs form similarly to their more massive stellar counterparts or require ad- 
ditional mechanisms is currently an open question. The answer may lie in the multiplicity 
properties of these substellar objects. Whereas free-floating BDs are observed in abundance, 
finding BDs as companions to stars has proved more difficult. A "brown dwarf desert" 
(< 0.5% companion fraction) is observed at close separations (< 3 AU) to main sequence 
stars, in comparison to a signific ant number of both p lanetary and stellar mass compan- 
ions seen at similar separations (IMarcy fc Butler! l2000i ). It has recently been determined 
that this desert does not extend out to larger separations for solar analogs (F,G,K stars), 
~ 7% of which are found to ha rbor substellar companions at separations greater than 30 AU 
( jMetchev fc Hillenbrand! 120051 ) . However, searches for substellar comp anions to M dwarfs 



at large separations (> 40 AU) have yielded mostly null results (e .g. lAllen fc Reidl 12008 



McCarthy fc Zuckerman 



2004uHinz et al.ll2002uDaemgen et al.ll2007l ) or sparse results (e.g. 



Oppenheimer et al.l 120011 ). There are only 5 known B P companions to stell ar M dwarf 
primaries at separa tions greater than 40AU: TWA 5 b, c iLowrance et al. 200oh. G 1 96-3B 
flRebolo et alll998h. GJ 1001B jGoldman et alJll999h . Gl 229B iNakaiima et al.l ll995h. and 
LP 261- 75B feurgasser et"aL 2005 ; Reid fc Walkowicz 2006 ). For thoroughness we note that 
the L2.5 companion GJ 618. IB (IWilson et al.ll200ll ) may also fall into this category, however 
it is more likely stellar. In the VLM regime (Mi < 0.1 M ) surveys have found that no mor e 
than ~ 1% of stars have wide companions, including stellar ones (IBurgasser et al.l l2007aj ) . 
Additionally, VLM binaries are found to be on average 10-20 times more tightly bound than 
their stellar counterparts, hintin g that disruptive dynamical interactions may play an im- 



portant role in their formation (IClose et al. 



2003h. 



These observations have been cited as 



evidence in favor of the ejection hypothesis (IReipurth fc Clarkdl200ll ; iBate &: Bonnellll2005l ) 



where BDs and VLM stars are thought to be stellar embryos formed by the fragmentation 
of a more massive pre-stellar core, then prematurely ejected from their birth environments. 
However, BD companions to more massiv e stars do not tend to form harder binaries tha n 
stellar systems of similar total mass (e.g. iReid et al.l l2001at iMetchev fc Hillenbrand! 120051 ) . 



While this is potentially evidence th at BDs can form similarly to stars via turbulent frag- 
mentation within molecular clouds (IPadoan fc Nordlundl 120021) . it is also consistent with 
simulations of disk instabilities 



(e.g. 



Stamatellos et al. 



2007 



Bossll2000l ). which are capable 



of producing substellar companions around more massive primaries. 
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While a significant fraction of solar mass stars may retain wide BD companions, this 
does not seem to hold true for lower mass stars. As a result, very few wide BD companions 
to low mass stars are known. The discovery and characterization of these systems, especially 
in the intermediate range between the solar analog and VLM regimes, will help complete the 
emerging picture of BD multiplicity at wide separations. Additionally, wide BD companions 
to stars make suitable "benchmar k" objects, as their properties can be inferred from those of 



the primary (IPinfield et al.ll2006l ). This is important for the calibration of BD evolutionary 



models, which requires independent age estimates. 

Here we present the discovery of a wide substellar companion to a nearby M4.5 star. The 
search, discovery and followup observations are outlined in §21 while the physical properties 
of the system and its components are given in §31 In §5] we discuss the companion's unusual 
NIR colors, possible formation scenarios, and the sensitivity of our search. Given a space 
density for M dwarfs we make a crude estimate of how rare such systems may be. A brief 
summary and outlook are presented in §51 



2. Discovery and Observations 

The binary G 203-50 / 2 MASS J171 14559+4028578 (G 20 3-50AB hereafter) was found 



in a cross-match of the SDSS DR6 Photop rimary Catalogue (lAdelman-McCarthy fc et al. 



2008 ) and 2MASS Point Source Catalogue ( Skrutskie et al. 20061 ) in which we searched for 



common proper motion pairs containing at least one VLM or BD component. The cross- 
correlation of catalogues, calculation of proper motions, and the identification of co-moving 
stars was done in parallel for 4 deg 2 sections of the sky at a time, spanning the contiguous 
region of the SDSS Legacy survey in the northern galactic cap. We made preliminary cuts 
to include only 2MASS sources with S/N > 5 in at least one band (J, H, or K) and not 
flagged as minor planets, and SDSS sources that were not classified as "sky pointings" or 
electronic ghosts. For every 2MASS source the closest SDSS match was found and proper 
motion vectors with uncertainties were computed. A cut was made in order to select only 
stars that had moved at the 3a level compared to all other stars within the area. Stars within 
120" of one another with proper motion amplitudes agreeing within 2a and proper motion 
components agreeing within la in one of RA and DEC, were flagged as potential binaries. 
We applied a color cut of z' — J > 2.5 for at least one component to the proper- motion- 
selected sample in order to search for BD companions. Finally all candidates were examined 
visually to eliminate artifacts and spurious matches. Of all candidate systems, G 203-50AB 
stood out as harboring a very red companion with z' — J ~ 2.9. Although at first glance the 
companion passed our color cuts, the quoted z' error of ±2 magnitudes rendered this color 
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meaningless. Fort unately the prim ary was of known spectral type and absolute magnitude 
Mj = 9.34 ±0.18 (IReid et al.ll2003l ). yielding Mj = 13.3 for the secondary, assuming it to be 
at th e same distance as the primary. Average absolute magnitudes as a function of spectral 
type (IDahn et al.ll2002l ) suggested that the companion was indeed a mid-L dwarf. 



As a verification of the system's physical association we have plotted the proper motions 
of G 203-50AB along with all other stars within 10' of the primary. Figure [1] clearly shows 
G 203-50AB as a co-moving pair. 

In order to establish a spectral type for the companion we obtained an infrared spectrum 
(R~750) of 2MASS J17114559+4028578 (2M171 1+4028 here after) on 2008 Feb 28 using the 
SpeX Medium- Resolution Spectrograph (IRayner et al.ll2003l ) at NASA's Infrared Telescope 
Facility (IRTF). Observations were made in short wavelength (0.8 to 2.5 /xm) cross-dispersed 
mode with the 0.8" slit and the seeing was 0.7"-0.9". We obtained eight 180 s exposures ar- 
ranged in two ABBA nod patterns with a nod step of 7" along the slit. For telluric and 
instrumental transmission correction, the AO star HD 165029 was observed immediately after 
the target at the same airmass. Flat-fielding, background subtraction, spectrum extrac- 
tion, wavelength calibration, order mer ging and telluric correction were done using SpeXtool 
( ICushing et al.ll2004l ; IVacca et al.ll2003l ). No scaling was applied to the cross-dispersed spec- 
trum when merging the orders. The spectrum is presented and analyzed in §3.21 



To constrain the possible binary nature of the primary and the companion, adaptive 
optics imaging observations of the system were obtained on 2008 July 8 at the Subaru tele- 
scope (open us e program S08A-074 ). The observations were made with th e AQ36 adaptive 



optic s system (jTakami et al.l 120041 ) and the CIAO near-infrared camera (IMurakawa et al. 



20041 ). The primary star G 203-50 was used for wave front sensing. Five exposures of 7 s 
x 3 co-additions were obtained in K s over five dither positions. The images were reduced 
in a standard manner. A sky frame was obtained as the median of the five images after 
masking the regions dominated by the signal from the target. After subtraction of this sky 
frame, the images were divided by a normalized dome flat image and bad pixels were re- 
placed by a median over their neighbors. All images were finally co-aligned, flux- normalized, 
and co-added. Owing to the faint i?-band magnitude of the target star, the adaptive optics 
correction achieved is rather poor, with a PSF FWHM of 0.18". Visual inspection of the 
adaptive optics images indicates that neither the primary nor the companion is a nearly 
equal-mass binary with a separation of ~0.18" or larger. Subtraction of a properly shifted 
and scaled version of the primary star PSF from that of the companion confirms that con- 
clusion as this operation leaves no obvious residual. Our adaptive optics images also provide 
constraints on the existence of additional, fainter companions in the system. The detection 
limits achieved indicate that the primary has no other companion with A_K" S < 4.3, 7.0 and 
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7.8 mag at separation greater than 0.5", 1" and 2"respectively. Similarly, the secondary has 
no companion with AK S < 4.3 above 0.5". 



3. Physical Properties 

A summary of observational and physical properties of the system is given in tables 
1 and 2. Proper motions for each component, in a reference frame defined by the median 
proper motion of all background stars within 10', were found and averaged to give a mean 
system proper motion of 242 ± 15 mas yr -1 in right ascension and 77 ± 17 mas yr -1 in 
declination. This is in good agreement with the proper motion tabulated for G203-50 of 



250.5 ±5.5 mas yr 1 and 84.2 ±5.5 mas yr 1 in the Revised NLTT catalogue (jSalim fc Gould 



2003|). 



3.1. The primary: G 203-50 



G 203-50 has been assigned a spect ral type of M4.5 and an absolute magnitude of 
Mj = 9.34 ± 0.183 by llleid et ali fl2C>03[ ). The spectral type was assigned based on the 
Ti05 spectral index ( Cruz fc Reidl 20021 ). while the absolute J magnitude is derived from 
polynomial fits to the Ti05, CaOH, and CaH2 spectral in dices as a function of absolute 
J magnitude for M dwarfs with trigonometric parallaxes (ICruz fc Reidl 120021 ) . We have 
verified the spectral type b y comparison of G 203-50's spec t rum (courtesy of Neill Reid) 
with reference spectra from iKirkpatrick. Henry, fc McCarthy! (119911 ) using standard spectra 
made available online by Kelle Cruj^l, and Picklesl ( 19981 ). The spectrum of G 203-50 is 
shown alongside the M4.5 spectral standard Gl 83.1 in figure [2j 

Since the absolute J magnitude is derived from spectral indices which may vary contin- 
uously between spectral types, it is in principle more precise than a magnitude derived based 
on the aver age value for all m embers of a given subtype. However, the absolute J magnitude 
provided by lReid et al.l (120031 ) seems to have unrealistically low errors, g iven the large sprea d 
in absolute magnitude for mid-M spectral types (e.g. see figure 4 of ICruz fc Reidl 120021 ) . 
As a sanity check we conducted a SIMBAD search yielding 45 M4.5 dwarfs with measured 
parallaxes and J band fluxes. The distribution of absolute J magnitudes has a median value 



1 errors were not provided with the online data, but we have inferred them from the quoted error in 
photometric distance 

2 ht t p : / / www . astro . caltech . edu / ~kelle / M_standards / 
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of 9.0, and a standard deviation of 0.44. Therefore we choose to adopt a more conservative 
error estimate of 0.44 magnitudes. 

Using Mj = 9.34 ± 0.44, the corresponding photometric distance is 22.2 ± 4.5 pc. 
Assuming an age > 500 Myr we derived a mass of 0.146 ± 0.031 M & using the empirical 
mass-luminos i ty rel ationship of iDelfosse et al.l (120001 ). also in agreement with the models of 
Baraffe et all Jl99sh . 



The spectrum of G 203-50 shows moderate Ha emission. We measured the Ha equiv- 
alent width (EW) to be 3.8 ± 0.5 A with errors stemming from a high sensitivity to the 
regions chosen to fit the pseudo-continuum on either side of the line. We used a cubic poly- 
nomial to fit the pseudo-continuum regions from 6544.3-6551.9 A and from 6576.6-6582.3 A. 
The relationship between Ha activity and age becomes degenerate for low mass dwarfs 
( IZuckerman & Sons 12004 ) making it difficult to draw firm conclusions about the age of 
G203-50. However, the activity lifetime of M stars in terms of Ha emission has recently 



been constrained using a sample of 38000 M dwarfs from SDSS Data Release 5 (IWest et al. 



20081 ). The activity lifetime for M4 and M5 stars respectively is found to be 4.5 and 7 Gyr. 
Consideri ng that G 203-50 is more active than the majority of M dwarfs of similar spectral 
type (e.g. iReid et al.ll2003l see online data) it is reasonable to infer that it is not near the 



end of its active phase. Nor does G 203-50 display signs of extreme youth, as it has no 
associated x-ray source in ROSAT. Therefore we tentatively estimate the age of G 203-50 to 
be between 1 and 5 Gyr. 



Based on the metallicity scale of iGizid (119971 ) the Ti05 and CaH2 indices of G 203-50 
are cons istent with solar me tallicity, indicating [M/H]> -1.0. We measured the metallicity 
index of ILepine et al.l (120071 ) to be CTio/CaH = 0.95, where solar metallicity is represented by 
CTio/CaH = 1, and metal poor stars have CTiO/CaH < 0.825. Our own fits of model spectra 
m the 6200-7300 A region verify these results. We fit the NextGen99 model atmospheres 
( IHauschildt et al.l 119991 ) to G 203-50's spectrum in the region of TiO and CaH bands of 
6200-7300 A. We used a grid of models with 3000 K < T eff < 3300^ in steps of 100K, 
4.5 < log g < 5.5 in steps of 0.5 dex, and —2.0 < [M/H] < 0.0 in steps of 0.5 dex. These 
parameter ranges were chosen based on v alues of T P f f = 3114 ± 125 and log g = 5.14 ± 0.05 
computed from the evolutionary models of iBaraffe et al.l (119981 ) using the 1-5 Gyr isochrones. 
In each case the templates were convolved with a gaussian with a FWHM equal to the 
instrumental resoluti on (~ 5.5 A) of G 203-50's spectrum and then interpolated onto the 



data. As noted by ILepine et al.l (120071 ) . none of the model spectra were good fits, with the 
CaH band consistently appearing too strong relative to TiO. However, as expected the best 
fitting model spectra were those with solar metallicity, with the fit becoming progressively 
worse for decreasing [M/H]. Therefore we find no evidence to suggest that G 203-50 is metal 
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poor. A higher resolution spectru m is required to d etermine the metallicity more precisely 
(for example, using the method of iBean et al.ll2006l . accurate to ~ 0.1 dex). 



3.2. The Companion: 2MASS J17114559+4028578 

Using reference spectra from the I RTF§| (maintained by John Rayner) , SpeX Prism 
(main tained by Adam Burgasser), CGS4 (iLeggett et al.lboOlh . and NIRSPEC jMcLean et al. 



20031 ) spectral libraries, we determined the best fitting spectral type for the companion to be 
L5 (see figure [3]). However, other reas onable matche s were f ound from L3.5 to L6.5. We als o 
measured spectral indic es defined by iGeballe et al.l (120021 ). iTokunaga fc Kobayashil (119991 ). 
Reid et al. ( 2001b ). and McLean et al. ( 20031 ). The indices are presented in table [3], yielding 
spectral types from L4.5 to L8. We calculated synthetic 2MASS colors of J — K s =1.28, 
J - #=0.79 and H - K S =0A9 from the spectruuQof 2M1 711+4028 us i ng the relative spec- 
tral response curves and zero-magnitude fluxes given in ICohen et al.l (120031). Thes e NIR 
colors make 2M1711+4028 unusually blue for a mid-late L dwarf ( iCushing et al.ll2008l ). The 
large range in spectral type implied by the spectral indices, and the unusually blue NIR 
colors of 2M1711+4028 likely have a com mon origin. Several instances of anomalou sly blue 
L dwarfs have been previously noted (e.g. iKnapp et al.l 12004c iBurgasser et al.ll2008l ). where 
the optical spectra appear normal, but the NIR colors are much bluer than average. These 
blue L dwarfs are characterized by enhanced H20 absorption bands and diminished CO, 
giving the appearance of a later spectral type in the NIR, while J and K band features such 
as FeH are more consistent with an earlier optical classification (see §4.11 for further discus- 
sion). Similarly for 2M1711+4028, the strong H20 indices predict spectral types from L6.5 
to L8 while z-FeH and J-FeH indices predict types <L6 and the Kl (not to be confused with 
K I) index predicts a spectral type of L4.5. This is consistent with the tw o best matching 
reference spectra: the relatively blue L dwarfs SD SSp J05395199-0059020 (iFan et al.lboooh 
and 2 MASS J15074769-1627386 faeid et alJl200oh . both of which have optical spectral types 
of L5, and the latter of which is an optical spectral standard. Considering all of our mea- 
surements, we have assig ned a NIR spectral type of L5±l 5 to 2M1711+4028, with our choice 
being most strongly influenced by the best fitting reference spectra. The error bars span 
the entire range of reasonable spectral types based on template fitting and spectral indices, 
excluding the H20 indices. 



3 http: / /irtfweb. ifa.hawaii.edu/~spex/spexlibrary/IRTFlibrary.htm 

4 the quoted 2MASS J, H, and K s magnitudes are flagged as being biased by the nearby primary, however 
our derived colors agree with the former to within 0.1 mag 
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Using the absolute magnitude-spectral type relationship provided by lDahn et al.l (120021 ) 



an absolute magnitude of 13.51^5 * s found for the secondary, corresponding to a distance of 
20.0 ± 6.3 pc. This is consistent with the distance of 22.2 ± 4.5 pc derived for the primary. 
The average distance for the system is 21.2 ± 3.9 pc. We find an effecti ve temperature of 



1700^250 K based on the spectral type-effective temperature relationship of iGolimowski et al. 



(120041 ) . Using the DUSTY model isochrones for 1 and 5 Gyr (IChabrier et al.ll2000l ). we derive 
a mass of 0.066^o!oi5 The quoted uncertainty takes into account the la uncertainty in 
T e ff as well as the age interval. While our upper limit of 0.074 M & straddles the stellar- 
substellar boundary, this is the most conservative estimate, allowing for a very broad range 
in spectral types. We conclude that 2M1711+4028 is most likely substellar, an issue which 
can be resolved in the future by obtaining an optical spectrum in order to further constrain 
its spectral type. 

Based on 2MASS and SDSS astrometry 2M1711+4028 is separated from G 203-50 by a 
mean angular separation of 6. 47" ±0.14", in agreement with the angular separation measured 
from the adaptive optics images of 6.40" ± 0.02" at 234.1° ± 0.2°. This corresponds to a 
projected separation of 135 ± 25 AU, at the average system distance. 



4. Discussion 



4.1. The blue NIR colors of 2M1711+4028 



The NIR colors of mid-late L dwarfs vary significantly within a single spectral type. For 
L5 dw arfs there is a spread of ~0.7 magnitudes in J — K s (jKirkpatricki 120081 ; ICushing et al. 
20081 ). Although surface gra vity and metallici t y play a role, comparison of atmospheric 



models to actual spectra (e.g. iKnapp et al.ll2004l ; ICushing et al.ll2008l ; iBurgasser et al.ll2008l ) 
suggests that large variations in the NIR colors of L dwarfs are primarily related to the 
properties of condensate clouds in their atmospheres, with unusually red SEDs arising from 
thick clouds and blue ones from thin or large-grained clouds. Common to the known 
peculiar blue L dwarfs is exaggerated H20 absorption and diminished CO, as seen in 
the spectrum of 2M1711+4028. As discussed in §3.21 the discrepancy between the late- 
type H20 indices and the earlier type FeH and Kl indices, along with its unusually blue 
NIR colors are indications that 2M171 1+4028 falls into this category. For comparison we 
overplot 2M1711+4 028's spectrum with th e spectra of the very red L4.5 dwarf 2MASS 
J22244381-0158521 jKirkpatrick et aliboOOT ). and the relatively blue L5 optical standard 
2MASS J15074769-1627386 (see figure H]). All spectra agree reasonably well in the J-band 
but diverge significantly at H and K, which may indicate differing properties of condensate 
clouds in their atmospheres. As a member of a wide binary system the surface gravity and 
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metallicity of 2M1711+4028 can be constrained from properties of the primary, yielding an 
excellent laboratory for studying BD atmospheres. The estimated age of 1-5 Gyr for the 
G 203-50 primary implies a relatively high surface gravity for the companion, possibly con- 
tributing the its blue NIR colors. However surface gravi ty alone does not seem to be sufficient 
in explaining the NIR colors of peculiar blue L dwarfs (IBurgasser et al.ll2008l ). Additionally, 
the primary shows no signs of being metal poor, lending support to the hypothesis that 
unusually blue NIR colors can be primarily attributed to cloud properties. Higher resolution 
spectroscopy of the primary and a more precise determination of the metallicity is required 
in order to confirm this conclusion. 

Another potential cause of unusually blue NIR colors is unresolved binarity. This may 
explain the slight onset of CH4 absorption at 2.2 fim in the spectrum of 2M1 71 1+4028. 
At lea st one of the known peculiar blue L dwarfs, 2MASS J08053189+4812330 ((Burgasser 
2007bl ) is thought to be an unresolved binary with L4.5 and T5 components. However, this 
system exhibits a pronounced dip in the 1.6 /im CH4 feature due to the peaked shape of 
the T dwarf's SED, whereas the spectrum of 2M1711+4028 is relatively flat in that region. 
Furthermore, the SED and colors of our companion are very similar to that of another blue 
L4.5 dwarf, 2MASS J 11263991-5003550 (2M1126-5003 hereafter), discussed at length by 
Burgasser et al.l (120081 ) . By construc ting composite spectra using published L and T dwarf 
spectra from the SpeX prism library, IBurgasser et al.l (120081 ) determined that no reasonable 
composite spectrum could be found that matched that of 2M1126-5003 in both the optical 
and NIR. Without an optical spectrum for 2M1711+4028 we are limited in the conclusions 
we can draw, but its similarities to 2M1126-5003 may suggest that 2M1711+4028 is a single 
BD. Our AO images support this conclusion, indicating that the BD is not a near-equal mass 
binary with separation > 0.18". 



4.2. Formation of G 203-50AB 



With a total mass of ~0.21 M G 203-50AB is slightly more massive than the rare 
wide VLM binaries, but much less massive than the solar analogues around which BDs are 
routinely found at wide separations (see $TJ and figure [5]). It is therefore of interest to 
consider how G 203-50AB may have formed. Could the secondary have formed through 
gravitational instability in a disk around the primary? Given the mass ratio of g=0.45, that 
would imply a M disk > 0. 45M^, whereas typ ical disks around low-mass stars contain a few 
percent of M* at ~1 Myr (jScholz et al.l 120061 ). Since it is unlikely that the entire disk would 
end up in the companion, the total disk mass, even in a conservative estimate, would have 
to be larger than the primary's own mass to start with. Thus, we conclude that formation 
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of 2M1711+4028 in a protostellar disk around G 203-50 is implausible. 



On the other hand, gravitational fragmentation of prestellar cores appears to be capa- 
ble of forming a wide variet y of binary systems, depending on the size, mass and angular 



momentum of the core (e.g. [BateJ [2000j) . However, simulations usually have so me difficulty 



producing binary stars wit h low component masses and wide separations (e.g. iBate et al. 



20031 ; iGoodwin et al.l 120041 ) . Some theoretical models invoke ejection from the parent cloud 
to halt further accretion that would otherwise lead to higher masses. Given its projected sep- 
aration of 135±25 AU, the G 203-50AB binary has a binding ene r gy of 12.6 ±3.8 x 10~ 41 erg 



placing it below the empirical "minimum" noted by I Close et al.l (120031 ) and iBurgasser et al. 



(j2007al ). Thus, it is unlikely to have survived such an ejection. We suggest that G 203-50AB 
most likely formed via fragmentation of an isolated core and did not suffer strong dynamical 
interactions during the birth process or subsequently. 



4.3. Search Sensitivity 

In order to assess the sensitivity of our search we simulated proper motion distributions 
of M dwarfs distributed uniformly in a spherical volume out to 25 pc, with tangential space 



velocities drawn from the distribution of lSchmidt et al.l (120071 ). To be sensitive to a particular 



M dwarf primary, its displacement between the 2MASS and SDSS surveys had to be greater 
than the 3<r dispersion of all other stars in the 4 deg 2 section of the sky in which it was found. 
For each such section of the sky, the time baseline between the surveys was computed and 
used to determine the minimum proper motion required for a detection. We assumed that 
the population of M dwarfs within 25 pc was uniformly distributed and assigned equal 
weight to each 4 deg 2 area of the sky. Using the simulated proper motion distributions the 
fraction of M dwarfs whose proper motions we could have measured was determined for each 
section of the sky, giving an average fraction of 0.58. Adopting an M dwarf space d ensity 



(9.0 < M v < 13.0 or roughly M0.5-M5.5) of 283.37 x 10~ 4 pc" 3 (iReid et alJ l2002ah . and 
given a search area of 7668 deg 2 of the sky, we should have been sensitive to approximately 
201 ± 12 early-mid M dwarfs within 25 pc. 

Although in some cases we were able to recover binary systems with separations < 4", 
we conservatively put a lower limit of 6" on our sensitivity, ensuring that components are 
well separated. The upper limit for separation is set by our search radius, which extended 
to 120". These limits correspond to projected separations of 30-600 AU at 5 pc and 150- 
3000 AU at 25 pc. Our sensitivity to companions around each star was dictated by the 
mean 2MASS J-band limiting magnitude (S/N=10) of ~ 16.5, corresponding to a minimum 
mass of ~ 0.06 M at 25 pc, assuming an age of 1-5 Gyr. Other factors preventing us 
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from finding companions include poor astrometry due to saturation of the primary, or low 
S/N of the secondary To estimate the number of binaries missed we used SIMBAD and 
Dwarf Archives^ to compile a list of 31 M-dwarfs and 38 BDs with previously measured 
proper motions large enough to pass our cuts, and tested whether we could measure the 
same proper motions using SDSS and 2MASS astrometry. We found that 91% of the time 
for M dwarfs, and 79% of the time for BDs our measured proper motions agreed with the 
previously measured ones, using the same criteria as our matching algorithm described in £j2j 
Therefore, we should have been capable of identifying approximately 72% of binaries with 
sufficiently high proper motions. Correspondingly we adjust our sensitivity to ~ 145 ± 9 M 
dwarfs. Adopting Poisson uncertainties on a lcr confidence interval for our single detection 
we roughly estimate that 0.7^1% of early- mid M dwarfs have substellar companions with 
masses greater than ~ 0.06 M & , at separations above ~ 120 AU. 



5. Summary and Outlook 

Above we have outlined our discovery of a wide, unusually blue, L5 companion to the 
nearby M4.5 dwarf G 203-50. Since BDs cool with time, it is not possible to infer their 
masses from observed luminosities. In order to break this degeneracy, the age (or an age 
indicator such as gravity) of the BD must be known. Even so, determining the mass of a 
BD requires accurate evolutionary models. In order to constrain these models we must rely 
on a handful of BDs for which independent age estimates can be obtained. Our companion, 
2M1711+4028 falls into this category, as its age can be constrained from the age of the 
primary. With an angular separation of over 6" the components of G 203-50AB are well 
separated, allowing the primary and secondary to be studied independently. At a distance 
of only ~ 21 pc, the parallax can be measured relatively easily, providing a more precise 
determination of distance and luminosity. Assuming an age of 1-5 Gyr, 2M1711+4028 is 
older than most BDs with independent age estimates (e.g. those found in star forming 
regions) and can therefore provide an anchor point in a poorly constrained mass-age regime. 
Furthermore, as an unusually blue L dwarf in the NIR, 2M1711+4028 provides a unique 
opportunity for studying the relative importance of gravity, metallicity and cloud properties 
in determining the NIR colors of L dwarfs. 

With a total mass falling between the solar mass and VLM regimes, G 203-50AB also 
has an important bearing on star formation theory. Based on the large mass ratio between 
the system components, we rule out formation of the companion in the disk of the primary. 



5 http:/ /DwarfArchives.org 
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Instead we suggest that this weakly bound binary formed via the fragmentation of an isolated 
core, and did not suffer disruptive dynamical interactions. Statistically we put an upper limit 
of 2.2% on the wide companion fraction for BD companions with m > 0.06 M around early- 
to-mid M dwarfs. 

In order to better constrain the properties of this unique system we recommend that 
future observations of G 203-50AB include: a parallax measurement to resolve uncertainties 
over the distance and absolute magnitude of G 203-50; a high resolution spectrum of G 203-50 
in order to determine the metallicity more precisely; an optical spectrum for 2M1711+4028 
to determine an optical spectral type; and time series spectra to check for spectroscopic 
binarity. 

We thank the anonymous referee for a prompt and thoughtful review that greatly im- 
proved the quality of this manuscript. We would like to thank the IRTF support staff, 
especially John Rayner for walking us through SpeX observing procedures, and sharing with 
us his valuable knowledge of the instrument. We would also like to thank Neil Reid for 
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at DwarfArchives.org and maintained by Chris Gelino, Davy Kirkpatrick, and Adam Bur- 
gasser; The VLM Binaries Archive at VLMBinaries.org, maintained by Nick Siegler; The 
SpeX Prism Spectral Libraries, maintained by Adam Burgasser; the IRTF Spectral Library 
maintained by John Rayner; and the M dwarf standard spectra made available by Kelle Cruz 
at |http:/ /www. astro.caltech.edu/^kelle/M_standards, This publication makes use of data 
products from 2MASS, which is a joint project of the University of Massachusetts and the 
Infrared Processing and Analysis Center/ California Institute of Technology, funded by the 
National Aeronautics and Space Administration and the National Science Foundation. This 
publication also makes use of data products from SDSS, which is funded by the Alfred P. 
Sloan Foundation, the Participating Institutions, the National Science Foundation, the U.S. 
Department of Energy, the National Aeronautics and Space Administration, the Japanese 
Monbukagakusho, the Max Planck Society, and the Higher Education Funding Council for 
England. Observations were based in part on data collected at Subaru Telescope, which is 
operated by the National Astronomical Observatory of Japan. JR is supported in part by an 
Ontario Graduate Scholarship. DL is supported in part through a postdoctoral fellowship 
from the Fonds Quebecois de la Recherche sur la Nature et les Technologies. This work was 
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Table 1. Physical properties of the components of G 203-50 AB 



Quantity 


A 


b 


Designation 


G 203-50 


2MASS Jl7ll4559± 


\i a cos o (mas yr J 


229 ± 43 


256 ± 36 


i — 1 \ 
/j,S (mas yr x ) 


61 ± 49 


92 ± 43 


2MASS J (mag) 


11.074 ±0.016 


15.00 ±0.06 


2MASS Mj (mag) 


9.34 ± 0.44 a 


iq tr+0.7b 


J-K s 


0.80 


1.28 c 


J-H 


0.51 


0.79 c 


H-K s 


0.29 


0.49 c 


d 


22.2 ±4.5 


20.0 ±6.3 


Spectral type 


M4.5 d 




Teff (K) 


3114 ± 125 


1700l|° 


Mass (M ) 


0.146±0.031 


0.066iH?I 


Ha EW (A) 


3.8 ±0.5 




Ti05 d 


0.34 




CaOH d 


0.32 




CaH2 d 


0.35 




CaH3 d 


0.60 





Based on Ti05, CaOH, and CaH2 spectral indices (jReid et al 



2003) 



b Based on ave rage absolute magnitudes by spectral type, see 
Dahn et al.l ([2002) 



c synthetic colors computed from the spectrum of 2M1711±4028 us- 
in g relative spectral r esponse curves and zero-magnitude fluxes given 



m 



Cohen et al.1 (|2003l l 



Spectral type and indices from lReid et al.l (120031 ) 
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Table 2. System properties of G 203-50 AB 

Quantity Value 

Distance (pc) a 21.2 ± 3.9 

Angular separation (") 6.40 ± 0.02 

Physical Separation (AU) 135 ± 25 

H a cos5 (mas yr _1 ) a 242 ± 15 

^(mas yr _1 ) a 77 ± 17 

Total mass (M ) 0.212 ± 0.032 

Mass ratio 0.45 ±0.14 

Binding energy (erg) 12.6 ± 3.8 x 10~ 41 

a mean quantities of the components 
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Table 3. Spectral indices measured for 2M1 71 1+2048 



Index 


Value 


Spectral Type 


Reference 


H20 1.5 /um 


1.73 


L8 


1 


CH4 2.2 fim 


1.09 


L7 


1 


Kl 


0.33 


L4.5 


2 


mo A 


0.49 


L7.5 


3 


mo B 


0.60 


L6 


3 


H20 A 


0.45 


L7 


4 


H20 B 


0.76 


L5.5 


4 


J-FeH 


0.81 


<L6 


4 


z-FeH 


0.46 


<L6 


4 



References. — ( l lGeballe et alJ (120021): 

f^Tokunaga fe Kobavash] dl99sh : ( ^Reid et al~ 
d2001bl b f4 lMcLean et alT(|2003l ) 
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Fig. 1. — Proper motions of all sources within 10' of G 203-50. Circles indicate the la 
and 3a dispersions. G203-50 and 2M1711+4028 are displayed with error bars based on the 
la dispersions along each axis, which dominates over the astrometric errors quoted by the 
individual catalogues. 2MASS and SDSS observations of this system are separated by a 
baseline of 6.0959 years. 



-21 - 




6500 7000 7500 8000 8500 9000 
Wavelength (A) 



Fig. 2.— Spectrum of G 203-50 (jRejd et al 
standard Gl 83.1 for comparison. 



20031 ). plotted alongside the M4.5 spectral 
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Fig. 3.— Spectrum of 2M1711+4028 obtained at IRTF using the SpeX Medium- Resolution 
Spectrograph. T he spectrum is plotted alongside the L5 dwarf SDSSp J05395199-0059020 
( Fan et al.l l2000l ). from the IRTF Spectral Library. Both spectra are normalized in 1.27- 
1.33 /iin and offset for clarity. 
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Fig. 4.— Spectrum of blue (J - K s = 1.28) L dwarf 2M1711+4028 (solid line, this paper) 
overplotted with spectru m of relatively red (J - K s = 2.05) L4.5 dwarf 2MASS J22244381- 
0158521 (top dotted line, iKirkpatrick et alJ l200oh and rel atively blue (J - K s = 1.52) L5 
optical standard 2MASS J15074769-1627386 (dashed line. iReid etaPhoOph . Both compari- 
son spectra are from the IRTF Spectral Library. All spectra are normalized in 1.27-1.29 /xm. 
They have been rebinned to a lower resolution for clarity. 
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Fig. 5. — Sepa ration versus tot a l system mass for know n binary systems. St e llar binaries 



(dots) are from lTokovininl (119971 ): Fischer fc Marcvl fll992l ): iReid fc Gizid ( 119971 ): Oose et al. 



(Il990l ); VLM binaries (open squares) are from the VLM binary archive, maintained by Nic k 
Siegler (vlmbinaries.org ) : BD -stellar binaries (filled circles) are from IReid et al.l (j2001al ); 
Metchev & Hillenbrand! (J20o3). G 203-50 AB (star symbol) falls in between the VLM and 
solar analogue regimes, and appears to be more loosely b ound than most sy stems of similar 



mass. BD-stellar systems with M-dwarf primaries from IReid et a 



cled. The large tri a ngle a nd square are BD-M dwarf systems from 
Reid fc Walkowiczl jiSj). 



(I2001af) have been cir 



Wilson et al.l fl200lh and 



